Transcriptional Analysis of Porcine Circovirus Type 2  by Cheung, Andrew K.
Transcriptional Analysis of Porcine Circovirus Type 2
Andrew K. Cheung
Virus and Prion Diseases of Livestock Research Unit, National Animal Disease Center, USDA, Agricultural Research Service, Ames, Iowa 50010
Received July 2, 2002; returned to author for revision July 25, 2002; August 15, 2002
Porcine circovirus type 2 (PCV2) is the causative agent of an emerging swine disease, postweaning multisystemic wasting
syndrome. In this work, the RNAs of PCV2 synthesized during productive infection in porcine kidney cells were characterized.
A total of nine RNAs were detected. They include the viral capsid protein RNA (CR), a cluster of five Rep-associated RNAs
(designated Rep, Rep, Rep3a, Rep3b, and Rep3c), and three NS-associated RNA (designated NS515, NS672, and NS0).
Members of the Rep-associated RNA cluster all share common 5 and 3 nucleotide sequences and they also share 200
common 3 nucleotides with the NS-associated RNAs. Rep, capable of coding for the replication-associated-protein (RepP),
appears to be the primary transcript that gives rise to Rep, Rep3a, Rep3b, and Rep3c by alternate splicing. Protein sequence
alignment showed that RepP and the Rep protein of PCV2 are equivalent to those described for PCV type 1 (PCV1) (a
nonpathogenic virus), which had been shown to be essential for viral DNA replication. The results also suggest that NS515,
NS672, and NS0 are transcribed from three different promoters inside ORF1 downstream of the Rep promoter. To date, only
three RNAs (CR, Rep, and Rep) have been reported for PCV1-infected porcine kidney cells. Therefore, it is important to applyKey Words: Circoviridae; RNAs of porcine circovirus typ
INTRODUCTION
The Circoviridae family includes a diverse group of
small, single-stranded, closed circular DNA viruses (Luk-
ert et al., 1995). Porcine circovirus (PCV), psittacine beak-
and-feather disease virus (BFDV), goose, canary, and
pigeon circovirus belong to the genus Circovirus (Phenix
et al., 2001; Ritchie et al., 1989; Todd et al., 1991, 2001;
Woods et al., 1993). The chicken anemia virus (Yussa et
al., 1979) has been assigned to the new genus Gyrovirus
(Pringle, 1999) and it shares similar characteristics with
the human TT virus (Handa et al., 2000; Miyata et al.,
1999; Nishizawa et al., 1997) and TTV-like minivirus (Ta-
kahashi et al., 2000). Several plant circoviruses, now
renamed nanoviruses, have also been identified: coco-
nut foliar decay virus, subterranean clover stunt virus,
faba bean necrotic yellows virus, milk vetch dwarf virus,
and banana bunchy top virus (Boevink et al., 1995; Har-
ding et al., 1993; Katul et al., 1997; Rohde et al., 1990;
Sano et al., 1998). Presence of a conserved stem-loop
structure at the origin of DNA replication and similarities
among the putative proteins essential for virus replica-
tion indicate that both PCV and BFDV are more closely
related to plant nanoviruses than to chicken anemia
virus (Meehan et al., 1997; Niagro et al., 1998).
The PCV virion is icosahedral, nonenveloped, and 17
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168nm in diameter (Tischer et al., 1982). Two genotypes of
PCV have been identified. PCV type 1 (PCV1) was first
detected as a contaminant of the porcine kidney PK15
cell line (CCL-33) distributed by the American Type Cul-
ture Collection (Tischer et al., 1974). Serologic surveys
indicated that PCV1 is widespread in swine, but no
known animal disease has been associated with PCV1.
In 1991, a new disease, named postweaning multisys-
temic wasting syndrome (PMWS), was identified in a
swine herd in Canada (Clark, 1996; Harding, 1996); the
cause of this disease was attributed to a new PCV
variant, PCV type 2 (PCV2). Since then, PMWS has been
reported in many countries (Allan and Ellis, 2000).
The overall DNA sequence homology within the PCV1
or PCV2 isolates is greater than 90%, while the homology
between PCV1 and PCV2 isolates is 68–76%. PCV has an
ambisense, single-stranded, closed circular genome that
encodes proteins by the encapsidated viral DNA, and by
the complementary DNA of the replicative intermediate
synthesized in the host. Three mRNAs of molecular sizes
1250, 990, and 750 nucleotides (nt) have been identified
for PCV1, and the 990-nt RNA codes for the viral capsid
protein (CP) (Mankertz et al., 1998b; Nawagitgul et al.,
2000). This protein is encoded by the complementary
strand (ORF2) of the viral genome and posttranscrip-
tional splicing is involved in the formation of the capsid
mRNA (CR). A protein essential for virus replication
(RepP), encoded by the encapsidated DNA strand, hassimilar strategies from this study to reexamine the transcr
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been assigned to an open reading frame, ORF1 (Man-
kertz et al., 1997, 1998a). A recent article suggests thatiption p
e 2.
two proteins derived from ORF1, the full-length RepP and
the spliced Rep protein, are essential for PCV1 DNA
replication (Mankertz and Hillenbrand, 2001). Based on
the predicted RepPs of PCV and BFDV, which share
extensive homology at the 5-end with the RepPs of plant
nanoviruses and extensive homology at the 3-end with
the 2C proteins of picornaviruses, it was concluded that
animal circovirus was derived from a plant virus (proba-
bly a plant nanovirus) that switched hosts (via an insect
vector) to infect a vertebrate and then recombined with a
vertebrate-infecting virus (probably a single-stranded
RNA virus such as a calicivirus) (Gibbs and Weiller,
1999).
Whereas PCV1 is nonpathogenic, PCV2 has been im-
plicated as the etiological agent of PMWS, a new emerg-
ing swine disease worldwide (Allan and Ellis, 2000). The
genome sequences of a number of PCV1 and PCV2
isolates (Fenaux et al., 2000; Hamel et al., 1998; Meehan
et al., 1997, 1998; Morosov et al., 1998; Niagro et al., 1998)
have been determined; however, the basis for PCV2
pathogenicity cannot be discerned from the genomic
sequences. To understand the genetic basis for PCV2
pathogenicity, it is important that we examine the genes
expressed by PCV2. To date, transcription analysis of
PCV2 has not been reported. In this study, we detected
and mapped nine viral-specific RNAs in PCV2-infected
tissue culture cells.
RESULTS
Molecular cloning of the PCV/688 genome
Low molecular weight cellular DNA was isolated from
virus-infected PK15 cells at 72 hours postinfection (h p.i.)
(Bloom et al., 1983), cut with EcoRI, and then inserted into
the EcoRI site of the Bluescript plasmid (Strategene, San
Diego, CA). The genomic sequence of PCV/688 (1768 nt)
was determined and presented in Fig. 1 (GenBank Ac-
cession No. AY094619). This sequence is more than 90%
homologous to other PCV2 sequences in the data base.
The PCV/688 sequence is annotated with results ob-
tained from the present work.
FIG. 1. Nucleotide sequence of the PCV/688 genome. The sequence is annotated with results determined in this study. RNAs transcribed to the
right (Rep, Rep, Rep3a, Rep3b, Rep3c, NS515, NS672, and NS0) are annotated on top of the sequence, while the capsid RNA (CR) transcribed in the
leftward orientation is annotated below the sequence. Initiation codons are in boxes and termination codons are in oval circles (not shown for NS515
and NS672). The 5 terminal nt for each transcript detected in this work is indicated by (➤).
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Northern blot analysis
Total cell RNAs isolated at selected times p.i. were
hybridized with 32P-labeled probes as indicated in Fig.
2a. Previous experiments showed that these RNA sam-
ples contained viral DNA (Cheung and Bolin, 2002), in-
dicated by (➤), which served as an internal marker for
hybridization.
A double-stranded PCR probe (Probe Z) generated
with primers 47F and 1013R was used to identify the
RNAs encoded by the Rep region (Fig. 2b). Three RNAs
(950, 750, and 450 nt) and several contaminating viral
DNA species were observed starting at 18 h p.i., all of
which increased in a time-dependent manner. The 48-h
sample gave the strongest signal and it was selected for
further experimentation.
A second experiment was carried out with single-
stranded PCR probes to determine the orientation of the
capsid RNA (Fig. 2c). Probe P (derived from 1678F with
the Msc1-nt 1768 fragment) and Probe Q (derived from
300F with the Nsp1-Nco1 fragment) hybridized to the
950-nt CR, indicating that CR is transcribed in the left-
ward orientation.
A third experiment was conducted to assess the rel-
ative abundance of the ORF1-associated RNA species at
48 h p.i. A riboprobe (Probe S) containing sequence from
nt 1013 to 858, a sequence complementary to all the
RNAs transcribed in the rightward orientation (see be-
low), was used. By monitoring the radioactivity present in
each band after hybridization, both the untreated (U) or
DNase 1-treated (T) RNA samples showed a relative
ratio of 1:100:400 with respect to the 1000-nt Rep:750-nt
Rep:450-nt NS0 RNA (Fig. 2d).
The fourth experiment was carried out with nick-trans-
lated probes (Rigby et al., 1977) that hybridized differen-
tially to CR, Rep, and NS0 (Fig. 2e). The probes were
designed based on the cDNA cloning data obtained
FIG. 2. Northern blot analysis. (a) Schematic representation of the PCV2 genome with relevant restriction enzyme sites. Radioactive probes: a
double-stranded probe (Probe Z), two single-stranded PCR products (Probes P and Q), a riboprobe (Probe S), and five nick-translated restriction
enzyme fragments (Probes I–V), were used to identify CR (F), Rep (E), Rep (‚), and NS0 (). Viral DNA contamination is indicated by (➤). (b) Kinetics
of PCV2 RNA synthesis from the Rep region. Total cell RNAs isolated at different time p.i., indicated at the top of each lane, were hybridized with Probe
Z. (c) Orientation of CR. Total RNA samples isolated at 48 h p.i. were hybridized with Probes P or Q, as indicated at the top of each lane. (d) Relative
ratio of the Rep, Rep, and NS0 RNAs. DNase 1-treated (T) or untreated (U) RNAs isolated at 48 h p.i. were hybridized with Probe S. (e) Differential
hybridization of CR, Rep, and NS0. Restriction enzyme DNA fragments were nick-translated (Probes I–V) and hybridized to total RNAs isolated at 48 h
p.i. The probe used for each experiment is indicated at the top of each lane.
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below. The results showed that CR contained sequences
of Probes I (nt 1676 to 51) and III (nt 336 to 578) but not
Probe II (nt 51 to 336), indicating that CR was a spliced
RNA; Rep contained sequences of Probes I, II, III, and V
(nt 747 to 1004) but not Probe IV (nt 578 to 747), indicating
that Rep was also a splice RNA; NS0 contained se-
quences in Probes IV and V but not sequences upstream
of Probe IV. The less abundant Rep was not readily
apparent in this experiment.
PCR analysis
Northern blot analysis indicated that at least four viral-
specific RNAs were synthesized during productive PCV2
infection. The 48 h p.i. RNA sample was subjected to
PCR (after digestion with DNase 1) and cDNA cloning
(after digestion with DNase 1 and poly(A) selection) anal-
ysis. Specific oligonucleotide primers were selected for
(A) RT-PCR or (B) PCR on Marathon cDNA (Materials and
Methods). The PCR products were analyzed by agarose
gel electrophoresis and the nucleotide sequence of each
product was determined after cloning into a bacterial
plasmid. Apart from CR, the other eight RNAs detected
were assigned to two groups. Those that share common
5 and 3 sequences with Rep were designated Rep-
associated RNAs and those that share only 3 se-
quences with Rep were designated NS-associated
RNAs.
RT-PCR
In addition to the three abundant RNAs (Rep, NS0,
and CR), three minor RNAs (Rep3a, Rep3b, and Rep3c)
were uncovered.
(i) Rep, Rep3a, Rep3b, and Rep3c. Primers 47F and
890R gave two prominent bands (500 and 200 base pairs
[bp]), two minor bands (600 and 240 bp), and a very faint
band (350 bp) with the DNase 1-treated (T) sample (Fig.
3). The sample not treated with DNase 1 (U) gave an
additional PCR product of 850 nt, indicating that the
850-nt fragment (confirmed by sequence analysis) was
derived from the contaminating PCV2 DNA. The frag-
ments were cloned and sequenced. From the 500-bp
fragment, two of two clones contained the Rep spliced
junction at nt 416:800. From the 200-bp fragment, three of
six clones contained the Rep3a splice junction at nt
97:800 and three of six clones contained the Rep3b
spliced junction at nt 97:815. The 600-bp fragment gave
clones of Rep, Rep3a, and Rep3b, indicating that it
contained Rep/Rep3a and Rep/Rep3b hybrids. The
240-bp fragment gave clones of Rep3a and Rep3b, indi-
cating that it contained Rep3a/Rep3b hybrids. The faint
350-nt fragment gave cDNA clones of Rep3c with two
spliced sites, 97:228 and 416:800. This DNase 1-treated
RNA sample was used for all subsequent RT-PCR and
cDNA cloning experiments.
(ii) CR. Primers 427R and 1236F gave a PCR product of
580 bp (Fig. 4a). This DNA fragment contained the CR
splice junction at nt 361:1737.
(iii) NS0 and Rep. Primers 718F and 995R gave a single
fragment of 280 bp (Fig. 4b) and the DNA sequence was
collinear with the viral genome. This PCR product could
have derived from either Rep or NS0.
PCR on cDNA
In addition to Rep, two minor RNAs (NS515 and NS672)
were uncovered.
The 3 portion. Each of the upstream primers (401F,
417F, 466F, 491F, 534F, 560F, 572F, or 610F) was amplified
with the downstream 995R primer (Fig. 5a). In all cases,
there was a prominent upper band generated by the
farthest upstream primer 401F (600 bp) to the nearest
upstream primer 610F (400 bp). These DNA fragments all
contained nucleotide sequences collinear with the viral
genome, indicating that they were derived from the un-
spliced full-length Rep. No lower band was detected
using primer 401F, 491F, 534F, or 560F. The lower bands
generated by 417F/995R and 466F/995R contained the
NS515 splice junction at nt 515:800. The lower bands
generated by 572F/995R and 610F/995R contained the
NS672 splice junction at nt 672:800.
The 5 portion. Primer 47F was paired up with either
628R, 737R, or 803R (Fig. 5b). A band was observed in
each case and they all contained DNA sequences col-
linear with the viral genome. These PCR products could
only be derived from Rep. Provided that NS515 and
NS672 were single-spliced RNAs (and they are), their 5
limits were defined because primers 401F and 560F gave
PCR products from Rep but not from NS515 or NS672
(Fig. 5a).
Determination of the 5-initiation and 3-poly(A)
addition sites
CDNAs generated by the Marathon RACE experiment
were subjected to PCR amplification with the adaptor
primers, AP1 or AP2, and selected viral primers (Fig. 6).
The PCR products obtained were analyzed by agarose
gel electrophoresis, sequenced either directly or after
cloning into bacterial plasmids.
The 3 poly(A) sites
CR. The 3 poly(A) site at nt 1005 was obtained from
fragment J1 (280 bp) (Fig. 6a).
Rep- and NS-associated RNAs. The 3 poly(A) site at nt
1004 was revealed in fragment M4 (320 bp) (Fig. 6c). We
assumed this poly(A) site was used by all the Rep-
associated and NS-associated RNAs.
The 5 initiation sites
CR. The 5 initiation site at nt 469 was detected in
fragment M1 (380 bp) (Fig. 6b).
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Rep-associated RNAs. The 5 initiation site (nt 37–38)
for Rep or Rep was detected in fragments D2 (260 bp)
and E2 (200 bp) (Fig. 6d). In addition, from two AP1/890R
PCR products, a Rep clone with 5 terminal nt at 18 and
a Rep3a clone with 5 terminal nt at 21 were obtained.
We assumed the 5 initiation site of all the Rep-associ-
ated RNAs were identical.
NS0. The 5 initiation site (nt 632–643) was detected in
fragments U1 (250 bp) and M6 (210 bp) (Fig. 6e). In
addition, a AP1/890R PCR product gave two NS0 clones
with 5 terminal nt at 624 and 626.
NS515. A primer, SP515, that spans the splice junction
at 515:800 was used in AP1/SP515 and AP2/517R nested
PCR. Two NS515 clones with 5 terminal nt at 436 and
439 were obtained.
NS672. Two primers, SP672L1 and SP672L5, that span
the splice junction at 672:800 were used in AP1/SP672L1
and AP2/SP672L5 nested PCR. Two NS672 clones with
FIG. 3. Rep, Rep3a, Rep3b, and Rep3c. RT-PCR was carried out with DNase 1-treated (T) or untreated (U) RNA samples from 48 h p.i. and are
indicated at the top of each lane. The primers used, the PCR products generated, and the corresponding viral RNA from which each product was
derived are indicated. Molecular weight standards are shown in the left lane. The PCR product derived from viral DNA contamination is labeled DNA.
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5 terminal nt at 591 and 602 were obtained. In addition,
an AP1/890R and AP2/865R nested PCR product gave a
NS672 clone with 5 terminal nt at 634.
DISCUSSION
In this study, a very complex transcription pattern with
nine viral RNAs was detected in PCV2-infected cells.
Three major RNAs (CR, Rep, and NS0) were readily
detected in Northern blot analysis, and six minor RNAs
(Rep, Rep3a, Rep3b, Rep3, NS515, and NS672) were
detected by PCR. Based on the 5 and 3 limits of the
RNA and excluding the poly(A) tail, CR is 839 nt and it is
represented by the 950-nt RNA; Rep is 982 nt and it is
represented by the 1000-nt RNA. Rep is 600 nt and it is
represented by the 750-nt RNA; NS0 is 360 nt and it is
represented by the 450-nt RNA. For the other minor
RNAs, Rep3c is 470 nt and Rep3a, Rep3b, NS515, and
NS672 are all approximately 280 nt. Since the latter five
RNAs are less abundant than Rep (Figs. 2d and 5a), they
were not detected by Northern blot analysis (Fig. 2e). The
PCR products assigned to the minor RNAs did not come
from rearranged viral DNA because contaminating PCV2
DNA was efficiently removed from the 48-h RNA sample
by DNase 1 prior to cDNA cloning and PCR amplification
(Figs. 2d and 3). In addition, these RNAs all contain the
consensus dinucleotides (GT . . . AG) at the inside
FIG. 4. CR and NS0/Rep. RT-PCR was carried out with DNase 1-treated RNAs from 48 h p.i. (a) CR; (b) NS0/Rep. (top) The primers used, the PCR
products generated, and the corresponding viral RNA from which each product was derived are indicated. (middle) Schematic representation of the
PCR primers and products. (bottom) Ethidium bromide stained PCR products (lanes 2) after electrophoresis in agarose gel. Molecular weight
standards are shown in lanes 1.
173RNAs OF PORCINE CIRCOVIRUS
boundaries of their respective splice junctions, com-
monly found in spliced transcripts. In contrast, a rela-
tively simple transcription pattern, with two major RNAs
(CR and Rep) and a minor RNA (Rep—detectable by
real time PCR only), was described for PCV1 (Mankertz et
al., 1998b; Mankertz and Hillenbrand, 2001). Therefore,
not only did we uncover additional transcripts, we were
able to detect the stable full-length Rep by standard PCR
during PCV2 infection. Whether these additional RNAs
also exist in PCV1-infected cells is not clear because
similar strategies were not employed in previous work. It
is therefore important to reexamine the transcription pat-
tern of PCV1 in greater detail.
The Rep-associated RNAs all share common 5 and 3
sequences. It is likely that Rep is the primary transcript
that gives rise to other members of this group by alter-
nate splicing. Based on the deduced amino acid (aa)
sequences, RepP and the Rep protein of PCV1 and
PCV2 are equivalent entities in their respective systems
and they are essential for PCV DNA replication (Man-
kertz and Hillenbrand, 2001). This work confirms previ-
ous reports that the viral CP is encoded by the 950-nt
spliced CR that is transcribed from the complementary
DNA strand (Mankertz et al., 1998b; Morosov et al., 1998).
The NS-associated RNAs share common 3-nt se-
quences among themselves and each RNA is an inde-
pendent transcription unit with its own promoter inside
ORF1. At present, functions of the minor RNAs (Rep3a,
Rep3b, Rep3c, NS515, and NS672) and that of the abun-
dant NS0 are not known. Each transcript is schematically
represented in Fig. 7 and summarized below.
CR (950-nt RNA)
The 5 initiation site of CR is located at nt 469; the
termination site is located at nt 1005, and the splice
FIG. 5. Rep, NS515, and NS672. Marathon cDNA was amplified with the indicated primers to obtain (a) the 3-portion of Rep, NS515, and NS672
and (b) the 5-portion of Rep. Schematic representation of the PCR primers and products are presented on top and the ethidium bromide stained PCR
products in agarose gel are indicated at the bottom of the panel. The primers used are indicated at the top of the lane. Molecular weight standards
are shown in lanes 1. Symbols used to identify Rep (E), NS515 (‚), and NS672 () are indicated.
174 ANDREW K. CHEUNG
junction is located at nt 361:1737. The 5 initiation site is
located 109 nt upstream of the first methionine codon,
which is in good agreement with the 5 initiation site
(ranges from 107 to 119 nt upstream of the first methio-
nine codon) determined for PCV1 CR (Mankertz et al.,
1998b). The 5 untranslated sequence extends 1 nt into
the second exon of PCV1 CR and 2 nt into the second
exon of PCV2 CR. By this adjustment, the consensus
dinucleotides (GT . . . AG) are maintained at the boundary
of the splice junction of each respective RNA. The entire
PCV2 CP sequence (from nt 1735 to 1036) is encoded by
ORF2 present in the second exon and it has been cloned
and expressed in insect cells (Nawagitgul et al., 2000).
The CPs of PCV1 and PCV2/688 are 233 aa residues and
FIG. 6. Determination of the 5 and 3 terminal nt of CR, Rep/Rep, and NS0 by direct sequencing of the PCR products. Top: Schematic
representation of the adaptor-assisted cDNA strategy to obtain the terminal nt of specific RNAs. To obtain the 5 end, primers AP1 or AP2 with Py
were used. To obtain the 3 end, primers AP1 or AP2 with Px were used. Bottom: Summary. The primers used, the PCR products generated, the
sequencing oligonucleotides, the terminal nt and the corresponding RNAs are presented.
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they share 67% homology. Molecular weight of the CPs
estimated by computer analysis is 28 kDa, but they have
been reported to range from 28 to 36 kDa experimentally
(Nawagitgul et al., 2000; Pogranichnyy et al., 2000; Tis-
cher et al., 1982). Since an in-frame termination codon is
present prior to the first methionine in both the PCV1 and
the PCV2 CR sequences, CP could not have initiated
further upstream. The estimated size discrepancy of CP
FIG. 7. Summary of the PCV2 RNAs. (a) Schematic representation of the PCV2 genome with relevant restriction enzyme sites. (b) Schematic
representation of the PCV2 RNAs. The RNA is annotated on top with nt coordinates that indicate the last nucleotide of each respective exon. The
coding sequence of each transcript was shaded and their nt coordinates are indicated below each RNA.
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is likely the result of various experimental conditions
used by different laboratories.
Rep (1000-nt RNA)
The PCV2 Rep, equivalent to the Rep RNA in PCV1,
initiates at nt 18 and terminates at nt 1004. RepP is encoded
by the entire ORF1 from nt 51 to nt 992 and this reading
frame (233 residues) has been designated Frame A in this
study. Although Rep is in low abundance, it is stable in
PCV2-infected PK15 cells and is readily detected by stan-
dard PCR and occasionally by Northern blot experiments. In
contrast, PCV1 Rep could only be demonstrated by real-
time PCR (Mankertz and Hillenbrand, 2001). The deduced
aa sequence of RepP has been used to support the theory
that PCV was the result of a recombination event between
a plant nanovirus and an animal picorna-like RNA virus
(Gibbs and Weiller, 1999). Our analysis also suggests that
Rep is the precursor transcript from which Rep, Rep3a,
Rep3b, and Rep3c are derived.
Rep (750-nt RNA)
The 5 initiation site of Rep is located at nt 18; the
termination site is at nt 1004 and the splice junction is
at nt 416:800. The coding sequence starts at nt 51, is
interrupted by an intron of 394 nt, and terminates at nt
967 which codes for a protein of 178 aa residues. The
first exon is in Frame A, while the second exon is in
Frame C. Thus, Rep of PCV2 is equivalent to Rep of
PCV1 (Mankertz and Hillenbrand, 2001). The deduced
exon 1 aa sequence of Rep, identical to the N-termi-
nal portion of RepP, shares extensive homology with
the RepPs of several plant nanoviruses (Gibbs and
Weiller, 1999; Niagro et al., 1998), but the second exon
does not share any homology with the 2C proteins of
picorna-like viruses. BLAST search of the GenBank
data base using the aa sequence from exon 2 of Rep
(ORF1 Frame C) showed that it shares sequence ho-
mology with a putative plant MYB transcription factor
of Arabidopsis thaliana (Fig. 8a).
FIG. 8. Amino acid sequence analysis. (a) Comparison of Rep exon 2 and the MYB transcription factor of Arabidopsis thaliana (Arab). The splice
junction of Rep is denoted by (ˆ). Identical aa residues are indicated by uppercase letters and identified by () on top of the aligned sequences. (b)
Comparison of the Rep3a and Rep3b proteins with the feline calicivirus 2C-protein (FCV) or the transposase protein of Xanthomonas campestris
(Xanth). The splice junction of Rep3a and Rep3b are denoted by (ˆ). Identical aa residues between the Rep3a and Rep3b proteins and FCV are
indicated on top () and additional aa residues identical between Rep3a and FCV are indicated by (). Identical aa residues between the Rep3a and
Rep3b proteins and Xanth are indicated below the aligned sequences (*). (c) The deduced aa sequence of NS0.
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Rep3a, Rep3b, and Rep3c
The 5 initiation site of Rep3a, Rep3b, or Rep3c is
located at nt 18 and the termination site is at nt 1004. For
Rep3a, the splice junction is at nt 97:800. The coding
sequence starts at nt 51, is interrupted by an intron of 703
nt, and terminates at nt 992. For Rep3b, the splice junc-
tion is at nt 97:815. The coding sequence starts at nt 51,
is interrupted by an intron of 718 nt, and terminates at nt
992. The Rep3a and Rep3b proteins are 80 and 75 aa,
respectively. Both exon 1 and exon 2 of Rep3a and Rep3b
are derived from ORF1 Frame A. Essentially, Rep3a and
Rep3b contain 5 and 3 aa residues identical to the
deduced RepP. Since exon 1 of Rep3a or Rep3b is only
15 aa residues, it does not share any homology with the
RepPs of nanoviruses. Because of the sizable intron, the
P-loop motif (Gibbs and Weiller, 1999) and much of the
subsequent 3 aa (from aa 137 to 285) of RepP are
absent. Consequently, the Rep3a or Rep3b protein con-
tains little homology with the 2C proteins of picornavi-
ruses. BLAST search of the GenBank data base using
the deduced exon 2 aa of Rep3a showed that it shares
homology with an unknown protein of Arabidopsis thali-
ana, a putative transposase protein of Xanthomonas
campestris (Fig. 8b), and the NR2E1 orphan nuclear
receptor of mouse. Rep3c is a double-spliced RNA with
splice junctions at nt 97:228 and 416:800. Translation
from the first AUG terminates 5 aa into the second exon
and it codes for a 21 aa protein.
NS0 (450-nt RNA)
NS0 initiates at nt 624 and terminates at nt 1004. The
coding sequence (23 aa) of NS0 is between nt 661 and nt
729 (ORF1 Frame B) (Fig. 8c). It is the most abundant
ORF1-associated RNA species synthesized during PCV2
replication in PK15 cells. BLAST search of the GenBank
data base with the deduced NS0 aa sequence did not
reveal any significant homology with any known se-
quences.
NS515 and NS672
NS515 initiates in the vicinity of nt 436 and terminates
at nt 1004. The splice junction is located at nt 515:800.
NS672 initiates in the vicinity of nt 591 and terminates at
nt 1004. The splice junction is located at nt 672:800.
Neither transcript appears to code for any functional
proteins because translation termination occurs 8 aa for
NS515 and 1 aa for NS672 after the first AUG.
The deduced RepPs sequences of all the current
members of Circoviridae (PCV1, PCV2, BFDV, goose, ca-
nary, and pigeon circovirus) (Phenix et al., 2001; Todd et
al., 2001) show that they share many striking sequence
motifs. It will be interesting to investigate if a network of
spliced RNAs derived from the Rep region also exists
among these avian viruses.
MATERIALS AND METHODS
Virus and cell
A PCV2 isolate (PCV/688) that induces PMWS (Bolin et
al., 2001) was used in this study. Propagation of the virus
was carried out in a PCV-free PK15 cell line which was
maintained in minimum essential medium with Hank’s
salts (MEM-H) (Life Technologies, Grand Island, NY) and
supplemented with 10% fetal bovine serum.
Nucleic acid probes
[32P]dCTP-labeled PCR probes were synthesized using
oligonucleotide primers with an appropriate PCV2 DNA
fragment (Mullis and Faloona, 1987). [32P]dCTP-labeled
nick-translated probes were synthesized using specific
PCV2 restriction enzyme fragments (Rigby et al., 1977). A
[32P]dUTP-labeled riboprobe was generated with a
genomic clone of PCV2 inserted in the Bluescript plas-
mid (Strategene, San Diego, CA).
RNA analysis
Total cell RNA was prepared from virus-infected PK15
cells by the guanidinium isothiocyanate and CsCl cush-
ion centrifugation method (Chirgwin et al., 1979; Glisin et
al., 1974). Poly(A) RNAs were selected by oligo(dT)-cellu-
lose chromatography (Aviv and Leder, 1972). The RNA
samples (5 g) were subjected to electrophoresis on 2.2
M formaldehyde gel and transferred to nylon membranes
by positive pressure in 10 SSC (1 SSC is 0.15 M NaCl
with sodium citrate at 0.015 M). Hybridization was carried
out in 3.2 M tetramethylammonium chloride containing
1% sodium dodecyl sulfate (SDS) overnight at 60°C
(Wood et al., 1985). The membranes were washed twice
in 0.1 SSC containing 0.01% SDS at 60°C for 30 min
each and then exposed to X-ray films.
Oligonucleotide primers
The primers were identified by the first nucleotide of
each oligomer with respect to the PCV2 genome (Fig. 1).
The suffix (F or R) of the oligonucleotide indicates the
orientation of the primer. F indicates forward direction
from nt 0 to 1768, while R indicates reverse direction from
nt 1768 to 1. The primers are 47F: CAACATGCCCAGCAG-
GAAGAATGGAAG; 51F: ATGCCCAGCAAGAAGAATGGA-
AGAAG; 99F: GGGTGTTCACGCTGAATAATCCTTCCG;
286F: CCCGCTGCCACATCGAGAAA; 300F: GAGAAAGC-
CAAAGGAACTGA; 401F: GACCTGTCTACTGCTGTGAG;
417F: GTGAGTACCTTGTTGGAGAGCGGGAGT; 466F:
ACCCTGTAACGTTTGTCAGAA; 491F: CCGCGGGCTG-
GCTGAACTTTTGAAAGT; 534F: AAGCGTGATTGGAA-
GACCAATGTACA; 560F: CGTCATTGTGGGGCCACCTG;
572F: GCCACCTGGGTGTGGTAAAAGCAAATGGGCTG;
610F: TTGCAGACCCGGAAACCAC; 718F: GGGATGATC-
TACTGAGACTG; 1236F: AGTACAGGTTTGGGTGTG;
1551F: ACTGTGGTAGCCTTGACAGT; 82R: GGTCCGCT-
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TCTTCCATTCT; 232R: AACCCCTGGAGGTGAGG; 307R:
GCTTTCTCGATGTGGCAGCG; 352R: CCTTCTTTACTG-
CAATATT; 427R: AAGGTACTCACAGCAGTAGACAGGTC;
517R: ACTTTCAAAAGTTCAGCCAGCCCGCGG; 628R:
ACTTCTTCTCCATGGTAACCA; 737R: CAGTCTCAGTA-
GATCATCCC; 803R: GGTAATCTAAATACTGCGGGC-
CAAAAAAGG; 820R: TGATTGCTGGTAATCAGAA; 865R:
TCTACAGCTGGGACAGCAGTTG; 890R: GGAAGTAATC-
CTCCGATAGAGAGC; 995R: CTCAGTAATTTATTTCAT-
ATGG; 1013R: CGAAGTGATAAAAAAG; 1099R: ATCCGTG-
TAACCATGTAT; 1281R: AACCCTTCTCCTACCACTC; AP1:
CCATCCTAATACGACTCACTATAGGGC; AP2: ACTCACTA-
TAGGGCTCGAGCGGC. Splice junction specific primers
are Sp515: TGATTGCTGGTAATCAGAATATTT; SP672L2:
TGATTGCTGGTAATCAGAATACATGGTAAC; and SP672L5:
CAGAATACATGGTAACCATCCCAC.
PCR
RT-PCR was carried out with 0.1 g RNA in the pres-
ence of 10 mM Tris–HCl (pH 8.3), 0.2 mM each of dNTP,
100 pM each of the upstream and downstream primer,
2.5 U Taq polymerase, 50 U MMTV reverse transcriptase,
and 20 U RNAsin in 50 l. The reaction mixture was first
incubated at 50°C for 30 min and then amplified for 45
cycles at 94°C (10 s), 55°C (30 s), and 70°C (30 s).
DNA-PCR was carried out under identical conditions
with 0.01 l of the RT-PCR product and omission of the
reverse transcriptase, RNAsin, and 30 min 50°C incuba-
tion.
5- and 3-RACE cDNA cloning
Adaptor-assisted cDNA cloning was carried out with
the Marathon cDNA amplification kit (Clontech, Palo Alto,
CA). Briefly, poly(A) RNA (1 g) from PCV2-infected cells
at 48 h p.i. was the starting material. First-strand synthe-
sis was conducted with a lock-docking oligo(dT) primer
with two degenerate nucleotides at the 3 end to elimi-
nate any heterogeneity at the poly(A) tail of the cDNA.
Following double-stranded cDNA synthesis, a special-
ized adaptor was ligated to each end of the cDNA. This
adaptor contains two unique sequences (5-AP1 and
3-AP2) that can be employed in single or nested PCR
amplifications with specific PCV2 primers.
REFERENCES
Allan, G. M., and Ellis, J. A. (2000). Porcine circoviruses: A review. J. Vet.
Diagn. Invest. 12, 3–14.
Aviv, H., and Leder, P. (1972). Purification of biologically active globin
messenger RNA by chromatography on oligothymidylic acid-cellu-
lose. Proc. Natl. Acad. Sci. USA 69, 1408–1412.
Bloom, M. E., Mayer, L. W., and Garon, C. F. (1983). Characterization of
the Aleutian disease virus genome and its intracellular forms. J. Virol.
45, 977–984.
Boevink, P., Chu, P. W., and Keese, P. (1995). Sequence of subterranean
clover stunt virus DNA: Affinities with the geminiviruses. Virology
207, 354–361, doi:10.1006/viro.1995.1094.
Bolin, S. R., Stoffregen, W. C., Nayar, G. P., and Hamel, A. L. (2001).
Postweaning multisystemic wasting syndrome induced after exper-
imental inoculation of cesarean-derived, colostrum-deprived piglets
with type 2 porcine circovirus. J. Vet. Diagn. Invest. 13, 185–194.
Cheung, A. K., and Bolin, S. R. (2002). Kinetics of porcine circovirus type
2 replication. Arch. Virol. 147, 43–58.
Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J., and Rutter, W. J. (1979).
Isolation of biologically active ribonucleic acid from sources en-
riched in ribonuclease. Biochemistry 18, 5294–5299.
Clark, E. G. (1996). Pathology of the post-weaning multisystemic wast-
ing syndrome of pigs. Proc. West Can. Assoc. Swine Pract. 1996,
22–25.
Fenaux, M., Halbur, P. G., Gill, M., Toth, T. E., and Meng, X. J. (2000).
Genetic characterization of type 2 porcine circovirus (PCV-2) from
pigs with postweaning multisystemic wasting syndrome in different
geographic regions of North America and development of a differ-
ential PCR-restriction fragment length polymorphism assay to detect
and differentiate between infections with PCV-1 and PCV-2. J. Clin.
Microbiol. 38, 2494–2503.
Gibbs, M. J., and Weiller, G. F. (1999). Evidence that a plant virus
switched hosts to infect a vertebrate and then recombined with a
vertebrate-infecting virus. Proc. Natl. Acad. Sci. USA 96, 8022–8027.
Glisin, V., Crkvenjakov, R., and Byus, C. (1974). Ribonucleic acid isolated
by cesium chloride centrifugation. Biochemistry 13, 2633–2637.
Hamel, A. L., Lin, L. L., and Nayar, G. P. S. (1998). Nucleotide sequence
of porcine circovirus associated with postweaning multisystemic
wasting syndrome in pigs. J. Virol. 72, 5262–5267.
Handa, A., Dickstein, B., Young, N. S., and Brown, K. E. (2000). Preva-
lence of the newly described human circovirus, TTV, in United States
blood donors. Transfusion 40, 245–251.
Harding, J. C. (1996). Post-weaning multisystemic wasting syndrome
(PMWS): Preliminary epidemiology and clinical presentation. Proc.
West Can. Assoc. Swine Pract. 1996, 21.
Harding, R. M., Burns, T. M., Hafner, G., Dietzgen, R. G., and Dale, J. L.
(1993). Nucleotide sequence of one component of the banana
bunchy top virus genome contains a putative replicase gene. J. Gen.
Virol. 74, 323–328.
Katul, L., Maiss, E., Morozov, S. Y., and Vetten, H. J. (1997). Analysis of
six DNA components of the faba bean necrotic yellow virus genome
and their structural affinity to related plant virus genomes. Virology
233, 247–259.
Lukert, P., de Boer, G. F., Dale, J. L., Keese, P., McNulty, M. S., Randles,
J. W., and Tischer, I. (1995). The Circoviridae. In “Virus Taxonomy,
Sixth Report of the International Committee on Taxonomy of Viruses”
(F. A. Murphy, C. M. Fauquet, D. H. L. Bishop, S. A. Ghabrial, A. W.
Jarvis, G. GP. Martellie, M. A. Mayo, and M. D. Summers, Eds.), pp.
166–168. Springer-Verlag, Vienna/New York.
Mankertz, A., and Hillenbrand, B. (2001). Replication of porcine circo-
virus type 1 requires two proteins encoded by the viral rep gene.
Virology 279, 429–438, doi:10.1006/viro.2000.0730.
Mankertz, A., Persson, F., Mankertz, J., Blaess, G., and Buhk, H.-J. (1997).
Mapping and characterization of the origin of DNA replication of
porcine circovirus. J. Virol. 71, 2562–2566.
Mankertz, A., Mankertz, J., Wolf, K., and Buhk, H.-J. (1998a). Identification
of a protein essential for replication of porcine circovirus. J. Gen.
Virol. 79, 381–383.
Mankertz, J., Buhk, H.-J., Blaess, G., and Mankertz, A. (1998b). Tran-
scription analysis of porcine circovirus (PCV). Virus Genes 16, 267–
276.
Meehan, B. M., Creelan, J. L., McNulty, M. S., and Todd, D. (1997).
Sequence of porcine circovirus DNA: Affinities with plant circovi-
ruses. J. Gen. Virol. 78, 221–227.
Meehan, B. M., McNeilly, F., Todd, D., Kennedy, S., Jewhurst, A., Ellis,
J. A., Hassard, L. E., Clark, E. G., Haines, D. M., and Allan, G. M.
(1998). Characterization of novel circovirus DNAs associated with
wasting syndromes in pigs. J. Gen. Virol. 79, 2171–2179.
Miyata, H., Tsunoda, H., Kazi, A., Yamada, A., Khan, M. A., Murakami, J.,
179RNAs OF PORCINE CIRCOVIRUS
Kamahora, T., Shiraki, K., and Hino, S. (1999). Identification of a novel
GC-rich 113-nucleotide region to complete the circular, single-
stranded DNA genome of TT virus, the first human circovirus. J. Virol.
73, 3582–3586.
Morosov, I., Sirinarumitr, T., Sorden, S., Halbur, P. G., Morgan, M. K.,
Yoon, K.-J., and Paul, P. S. (1998). Detection of a novel strain of
porcine circovirus in pigs with postweaning multisystemic wasting
syndrome. J. Clin. Microbiol. 36, 2535–2541.
Mullis, K. B., and Faloona, F. A. (1987). Specific synthesis of DNA in vitro
via a polymerase-catalyzed chain reaction. Methods Enzymol. 155,
335–350.
Nawagitgul, P., Morozov, I., Bolin, S. R., Harms, P. A., Sorden, S. D., and
Paul, P. S. (2000). Open reading frame 2 of porcine circovirus type 2
encodes a major capsid protein. J. Gen. Virol. 81, 2281–2287.
Niagro, F. D., Forsthoefel, A. N., Lawther, R. P., Kamalanathan, L.,
Ritchie, B. W., Latimer, K. S., and Lukert, P. D. (1998). Beak and feather
disease virus and porcine circovirus genomes: Intermediates be-
tween geminiviruses and plant circoviruses. Arch. Virol. 143, 1723–
1744.
Nishizawa, T., Okamoto, H., Konishi, K., Yoshizawa, H., Miyakawa, Y.,
and Mayumi, M. (1997). A novel DNA virus (TTV) associated with
elevated transaminase levels in posttransfusion hepatitis of un-
known etiology. Biochem. Biophys. Res. Commun. 241, 92–97.
Phenix, K. V., Weston, J. H., Ypelaar, I., Lavazza, A., Smyth, J. A., Todd, D.,
Wilcox, G. E., and Raidal, S. R. (2001). Nucleotide sequence analysis
of a novel circovirus of canaries and its relationship to other mem-
bers of the genus Circovirus of the family Circoviridae. J. Gen. Virol.
82, 2805–2809.
Pogranichnyy, R. M., Yoon, K.-J., Harms, P. A., Swenson, S. L., Zimmer-
man, J. J., and Sorden, S. D. (2000). Characterization of immune
response of young pigs to porcine circovirus type 2 infection. Viral
Immunol. 13, 143–153.
Pringle, C. R. (1999). Virus taxonomy at the XIth International Congress
of Virology, Sydney, Australia. Arch. Virol. 144, 2065–2070.
Rigby, P. W., Dieckmann, M., Rhodes, C., and Berg, P. (1977). Labeling
deoxyribonucleic acid to high specific activity in vitro by nick trans-
lation with DNA polymerase I. J. Mol. Biol. 113, 237–251.
Ritchie, B. W., Niagro, F. D., Lukert, P. D., Steffens, W. L., III, and Latimer,
K. S. (1989). Characterization of a new virus from cockatoos with
psittacine beak and feather disease. Virology 171, 83–88.
Rohde, W., Randles, J. W., Langridge, P., and Hanold, D. (1990). Nucle-
otide sequence of a circular single-stranded DNA associated with
coconut foliar decay virus. Virology 176, 648–651.
Sano, Y., Wada, M., Hashimoto, Y., Matsumoto, T., and Kojima, M. (1998).
Sequences of ten circular ssDNA components associated with the
milk vetch dwarf virus genome. J. Gen. Virol. 79, 3111–3118.
Takahashi, K., Iwasa, Y., Hijikata, M., and Mishiro, S. (2000). Identifica-
tion of a new human DNA virus (TTV-like mini virus, TLMV) interme-
diately related to TT virus and chicken anemia virus. Arch. Virol. 145,
979–993.
Tischer, I., Rasch, R., and Tochtermann, G. (1974). Characterization of
papovavirus- and picornavirus-like particles in permanent pig kidney
cell lines. Zentralbl. Bakteriol. Hyg. A 226, 153–167.
Tischer, I., Gelderblom, H., Vettermann, W., and Koch, M. A. (1982). A
very small porcine virus with circular single-stranded DNA. Nature
295, 64–66.
Todd, D., Niagro, F. D., Ritchie, B. W., Curran, W., Allan, G. M., Lukert,
P. D., Latimer, K. S., Steffens, W. L., III, and McNulty, M. S. (1991).
Comparison of three animal viruses with circular single-stranded
DNA genomes. Arch. Virol. 117, 129–135.
Todd, D., Weston, J. H., Soike, D., and Smyth, J. A. (2001). Genome
sequence determinations and analyses of novel circoviruses from
goose and pigeon. Virology 286, 354–362, doi:10.1006/viro.2001.0985.
Wood, W. I., Gitschier, J. L., Lasky, A., and Lawn, R. M. (1985). Base
composition-independent hybridization in tetramethylammonium
chloride: A method for oligonucleotide screening of highly complex
gene libraries. Proc. Natl. Acad. Sci. USA 82, 1585–1588.
Woods, L. W., Latimer, K. S., Barr, B. C., Niagro, F. D., Campagnoli, R. P.,
Nordhausen, R. W., and Castro, A. E. (1993). Circovirus-like infection
in a pigeon. J. Vet. Diagn. Invest. 5, 609–612.
Yussa, N., Taniguchi, T., and Yoshida, I. (1979). Isolation and some
characteristics of an agent inducing anemia in chicks. Avian Dis. 23,
366–385.
180 ANDREW K. CHEUNG
